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Summary
How are biological structures maintained in a cellular environ-
ment that constantly threatens protein integrity?Here weeluci-
date proteostasis mechanisms affecting the Z disk, a protein
assembly essential for actin anchoring in striated muscles,
which is subjected to mechanical, thermal, and oxidative
stress during contraction [1]. Based on the characterization
of the Drosophila melanogaster cochaperone Starvin (Stv),
we define a conserved chaperone machinery required for Z
diskmaintenance. InsteadofkeepingZdiskproteinsina folded
conformation, this machinery facilitates the degradation of
damaged components, such as filamin, through chaperone-
assisted selective autophagy (CASA). Stv and its mammalian
ortholog BAG-3 coordinate the activity of Hsc70 and the small
heat shock protein HspB8 during disposal that is initiated
by the chaperone-associated ubiquitin ligase CHIP and the
autophagic ubiquitin adaptor p62. CASA is thus distinct from
chaperone-mediated autophagy, previouslyshowntofacilitate
the ubiquitin-independent, direct translocation of a client
across the lysosomal membrane [2]. Impaired CASA results
in Z disk disintegration and progressive muscle weakness in
flies, mice, and men. Our findings reveal the importance of
chaperone-assisted degradation for the preservation of
cellular structures and identify muscle as a tissue that highly
relies on an intact proteostasis network, thereby shedding
light on diverse myopathies and aging.
Results and Discussion
Drosophila Starvin (Stv) belongs to a family of BAG domain-
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Research Building, 77 Avenue Louis Pasteur, Boston, MA 02115, USAproteins (Figure 1A) [3]. Previous characterization of the stv1
mutant that lacks the cochaperone revealed an essential but
undefined role in food uptake [4]. The cochaperone is highly
expressed in pharynx, gut, and somatic muscles of fly
embryos (Figure 1B). Expression in muscles is maintained
during larval and adult stages. Stv is concentrated at Z disks,
as is evident from a colocalization with the Z disk marker
a-actinin in flight muscle fibers of adult flies (Figure 1C).
Notably, muscle assembly during embryonic development
proceeds unaffected in the absence of the cochaperone,
excluding a role of Stv in the formation of muscular structures
[4] (Figure 1D). However, impaired muscle function becomes
evident during larval stages when muscles are put to work,
resulting in an inability to take up food and in early lethality
during the first larval instar [4] (Figure 1E). In muscles of the
gastrointestinal tract, actin anchoring is severely disturbed
and a-actinin-containing Z lines are no longer detectable
(Figure 1F). Mutant larvae also behave poorly in locomotion
assays, consistent with the expression of Stv in somatic
muscles (Figure 1G). Impaired locomotion is not a conse-
quence of starvation because starved wild-type larvae show
accelerated movements. Stv deficiency apparently results
in a general impairment of muscle cell function because of Z
disk disintegration.
Two additional lines of experimentation illustrate the need to
maintain the cochaperone at a defined concentration range in
muscles. First, larvae that express elevated levels of Stv in
muscle cells (twi-GAL4/UAS-stv) display reduced mobility
and increased lethality (see Figure S1, available online).
Second, heterozygous stv1/+ animals that develop to adult
flies suffer from a constant decline of climbing and flying
activities during aging, which is accompanied by a disruption
of Z disk structures (Figures 1H–1J). A reduction in Stv levels
is obviously sufficient to cause a progressive muscle weak-
ness, revealing the cochaperone as a central proteostasis
factor in muscles.
Intriguingly, a progressive myopathy with Z disk disruption
following normal muscle development was recently also
observed for mice lacking the cochaperone BAG-3 [5]. The
protein is only distantly related to Stv in structural terms but
also localizes to the Z disk (see Figure 2E and [5]). Moreover,
a mutation in human BAG-3 (P209L) causes severe childhood
myopathy with Z disk disintegration [6]. Stv and BAG-3 thus
seem to be functional orthologs that define a conserved
chaperone pathway essential for muscle maintenance.
A plethora of functions has been assigned to BAG-3,
including a stimulation of autophagy [7, 8], an antiapoptotic
activity [9–11], and a regulatory role in virus assembly [12, 13],
signal transduction [14], and cell motility [15, 16]. However, the
function in muscle cells has not been determined in detail.
To address this, we initially defined the chaperone machin-
eries that contain BAG-3 and Stv. Constitutively expressed
Hsc70 and the small heat shock protein HspB8/Hsp22 were
detected in association with BAG-3, in line with previous
findings [7, 14] (Figure 2A). The chaperone-associated ubiqui-
tin ligase CHIP, which is abundantly expressed in cardiac and
skeletal muscle and targets chaperone substrates for degra-
dation [3, 17], was identified as a novel constituent of BAG-3
Figure 1. Stv Is a Z Disk-Localized BAG Domain Cochaperone Essential for
Muscle Maintenance
(A) Domain structure of Drosophila Stv and its mammalian ortholog BAG-3.
Both cochaperones possess a BAG domain at their C termini, required for
Hsc70 binding. In addition, BAG-3 carries a WW and a proline-rich (PXXP)
domain.
(B) Stv is detectable in diverse tissues of a fly embryo at stage 17 (lateral
view), including pharynx (phx), gut, and somatic muscles (sm). Expression
of Stv and bPS integrin was monitored by antibody staining of whole-mount
wild-type embryos. Scale bar represents 80 mm.
(C) Stv colocalizes with the Z disk marker a-actinin in indirect flight muscle
fibers. Flight muscles of 15-day-old adult wild-type flies were dissected, and
Stv and a-actinin were detected by antibody staining. Filamentous actin
was labeled with Alexa 488 phalloidin. Scale bar represents 2 mm.
(D) Staining of F-actin with Alexa 488 phalloidin in somatic muscles of wild-
type (WT) and of Stv-deficient embryos (stv1/stv1) reveals unaltered muscle
morphology and attachment during embryonic development. Scale bars
represent 20 mm.
(E) stv1 homozygous larvae (2/2) are unable to take up food (carmine red-
stained yeast cells) and consequently do not increase their body mass
during larval development. Food uptake and growth were monitored at
indicated time points after egg laying.
(F) In visceral muscles of stv1 mutant larvae a-actinin-containing Z lines
are disrupted, resulting in impaired actin anchoring and bundling. The
gastrointestinal tracts of first instar larvae were dissected and stained
with anti-a-actinin antibody or Alexa 488 phalloidin (actin) to visualize
visceral muscles. Scale bars represent 5 mm.
(G) Stv-deficient larvae suffer from impaired locomotion. Locomotion of
wild-type (WT), starved WT, and Stv-deficient first instar larvae was quanti-
fied by measuring the righting time after being turned on the dorsal site.
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144complexes (Figures 2A and 2B). An interaction with the consti-
tutive Drosophila Hsc70 protein Hsc4 and with dCHIP was
observed for Stv (Figure 2C). Moreover, an uncharacterized
fly homolog of HspB8 (CG14207, termed dHspB8 hereafter)
was previously identified as an interaction partner of Stv [18].
Stv and BAG-3 thus reside in conserved chaperone
complexes. A tight interplay of the complex constituents
during muscle maintenance is suggested by the fact that
dHspB8 is exclusively and dCHIP and Hsc4 are partially local-
ized at Z disks of Drosophila flight muscles (Figure 2D and
Figure S2). In mouse soleus muscles, CHIP is also partially
associated with Z disks, similar to BAG-3 (Figure 2E). Finally,
CHIP was detectable in endogenous BAG-3 complexes iso-
lated from soleus muscles, in agreement with a functional
interplay of the two cochaperones (Figure 2F).
In vitro binding experiments revealed that the interaction
between CHIP and BAG-3 is not direct but mediated by
Hsc70 (Figures 2G and 2H). This is consistent with findings
for other BAG domain cochaperones that regulate chap-
erone-assisted degradation, e.g., BAG-1 and BAG-2, which
occupy the N-terminal ATPase domain of Hsc70 when CHIP
is bound to the C terminus [3, 19]. The binding experiments
also identify BAG-3 as a coupling factor between HspB8 and
Hsc70 (Figure 2I). Hsc70 and Hsc70/CHIP complexes were
retained on immobilized HspB8 only in the presence of the
cochaperone. CHIP interacted with HspB8 when added alone
to the affinity resin. However, this interaction was attenuated
in the additional presence of BAG-3 or Hsc70. Although the
physiological relevance of the CHIP/HspB8 interactions
remains to be explored, a role of CHIP as a mediator of the
Hsc70/HspB8 interaction can be excluded. BAG-3/Stv
apparently coordinates the formation of a multicomponent
chaperone machinery at the Z disk.
In aged neuronal cells, BAG-3 cooperates with the phago-
phore-interacting ubiquitin adaptor p62 to stimulate the
disposal of ubiquitylated chaperone substrates through selec-
tive autophagy [8]. An elevation of BAG-3 levels in human HeLa
cells triggered an association of p62 with Hsc70, consistent
with autophagy induction (Figure 3A). Intriguingly, CHIP also
induced p62 recruitment, pointing to cooperation of CHIP
and BAG-3 during autophagy (Figure 3A). This is further
supported by the fact that BAG-3 stimulated the binding of
CHIP to the Hsc70 complex (Figure 3A). Moreover, BAG-3
was itself efficiently ubiquitylated by CHIP (Figure 3B), in
a manner not attenuated by the presence of a chaperone
substrate (Figure S3A). Ubiquitylation of BAG-3 may facilitate
interactions of the chaperone complex with the p62 ubiquitin
adaptor and eventually result in a codegradation of BAG-3,
when the substrate is engulfed by the phagophore membrane,Data are mean and error bars represent deviation of the mean. WT,
n = 42; starved WT, n = 19; stv1/stv1, n = 39.
(H) Adult heterozygous stv1/+ flies develop a progressive myopathy
reflected in an age-dependent decline of locomotion. Climbing and flying
abilities of stv1/+, wild-type (WT), and balancer control flies (w1118/
TM3,Sb) were monitored at different time points after eclosion. Data are
mean of five independent experiments 6 SEM.
(I) Flight muscle fibers of heterozygous stv1/+ flies show a sarcoplasmic
mislocalization of a-actinin at 15 days after eclosion. Stv and a-actinin
were detected by antibody staining. Filamentous actin was labeled with
Alexa-488 phalloidin (actin). (See C for fiber morphology of wild-type flies).
The scale bar represents 2 mm.
(J) Quantification of muscle fibers with sacroplasmic mislocalization of
a-actinin (aberrant fibers) in wild-type (WT)andstv1/+adultfliesatday 15after
eclosion. Counted fibers: stv1/+, n = 290; WT, n = 153. See also Figure S1.
Figure 2. Stv and BAG-3 Induce the Formation of
a Multicomponent Chaperone Machinery at the Z
Disk, Comprising Hsc70, HspB8, and CHIP
(A) Following transient expression of FLAG-
tagged BAG-3 in human HeLa cells and immuno-
precipitation (IP) of BAG-3 complexes with an
anti-FLAG antibody, Hsc70, HspB8, and CHIP
were identified as complex constituents. The
small heat shock protein HspB2 was not associ-
ated with BAG-3. Extract samples correspond to
40 mg of protein.
(B) BAG-3 is detectable in CHIP-containing
chaperone complexes isolated from HeLa cells
by anti-FLAG IP after transient transfection with
a FLAG-CHIP-encoding plasmid. Extract corre-
sponds to 40 mg of protein.
(C) Hsc4 and dCHIP, present in an S2 insect cell
extract (ex.), bind to immobilized histidine-
tagged Stv (His-Stv). S2 extracts were incubated
with purified His-Stv immobilized on Ni-NTA
agarose or with Ni-NTA agarose alone (2).
Retained proteins were detected by immunoblot-
ting with the indicated antibodies.
(D) HspB8 colocalizes with the Z disk protein Zasp
in flight muscle fibers of adult flies. Hsc4 and
DrosophilaCHIP (dCHIP) are partially Z disk local-
ized. Flight muscles of adult wild-type flies were
stained with specific antibodies against the
indicated proteins. Scale bars represent 2 mm.
(E) CHIP and BAG-3 colocalize in part with a-actinin (act.) at Z disks in mouse soleus muscles. Scale bars represent 2 mm.
(F) CHIP is detectable in endogenous BAG-3 complexes isolated from mouse soleus muscles. Soleus muscles were lysed and subjected to immunoprecip-
itation with control IgG and anti-BAG-3 antibody as indicated. Glycine eluates of isolated immune complexes (IP) were probed with anti-BAG-3 and
anti-CHIP antibodies. Extract (ex.) corresponds to 40 mg of protein.
(G) Hsc70 mediates the interaction between BAG-3 and CHIP. Immobilized GST-BAG-3 was incubated with Hsc70 and CHIP as indicated. Proteins retained
on the affinity resin were detected with specific antibodies. As negative control, proteins were incubated with immobilized GST. The left panels show 10% of
the input (in.).
(H) Schematic presentation of Stv- and BAG-3-containing chaperone complexes. The cochaperones use their BAG domains to bind to the N-terminal
ATPase domain of Hsc70 (N), while at the same time CHIP occupies the C-terminal domain (C) that covers the peptide-binding region (P) of the chaperone.
Stv/BAG-3 provides a physical link between HspB8 and the Hsc70/CHIP complex.
(I) Purified BAG-3 was retained on immobilized His-HspB8 and mediated the binding of Hsc70 and Hsc70/CHIP to HspB8. CHIP interacted with HspB8 when
added alone to the affinity resin, but this direct interaction with the small heat shock protein was abrogated in the additional presence of BAG-3 or Hsc70.
All proteins were incubated at a concentration of 1 mM. The left panels represent 30% of the added purified proteins. See also Figure S2.
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145in line with findings for p62 [20]. Levels of BAG-3 and p62 were
indeed decreased in Hsc70 complexes upon coexpression of
BAG-3 and CHIP, when the degradation pathway is strongly
induced (Figure 3A, compare lanes 6 and 8). Moreover, inhibi-
tion of lysosomal proteases stabilized endogenous BAG-3
in smooth muscle cells (Figure 3C), whereas proteasome
inhibition, previously shown to induce autophagy [21], led to
increased bag-3 transcription but to a reduction at the protein
level (Figure 3C). This is consistent with a codegradation of
BAG-3 during autophagy in muscle cells.
Repetitive tetanic contraction of an isolated mouse soleus
muscle, induced by high frequency electrostimulation, re-
sulted in an increase of BAG-3 levels and of high molecular
mass ubiquitin conjugates (Figure 3D). The conjugates accu-
mulated in microaggregates that partially colocalized with
the autophagic marker LC3, apparently reflecting autophagic
engulfment (Figure 3E). Chaperone-assisted autophagy thus
seems to represent a physiological response in muscles
during contraction. To provide additional evidence for this
conclusion, we analyzed Z disk architecture and muscle
contractility in mice deficient for the lysosomal membrane
protein LAMP-2, which display a block in autophagy [22].
These mice develop a progressive myopathy of skeletal and
cardiac muscles, recapitulating the pathology of patients
suffering from Danon disease [23]. When soleus muscles
isolated from lamp-22/2 mice were electrostimulated, thedeveloped force was reduced compared to control animals
(Figure S3B) and a disintegration of Z disks and rupture of
sarcomeric structures were detectable (Figure 3F and Fig-
ure S3C). Autophagic degradation is obviously essential for
maintaining Z disk integrity and muscle contractility.
Degradation might be initiated by a BAG-3-facilitated
release of damaged components from the Z disk. Indeed,
BAG-3 induced the release of the Z disk protein filamin, but
not a-actinin or actin, from a cytoskeleton fraction isolated
from differentiated C2C12 murine skeletal muscle cells
(Figures 4A and 4B). In contrast, addition of HspB8 did not
stimulate protein release. BAG-3 is apparently the rate-limiting
component for the mobilization of filamin from the Z disk.
Released filamin could subsequently be ubiquitylated by the
CHIP/UbcH5 conjugation machinery in the presence of the
E1 ubiquitin-activating enzyme (Figure 4C). In contrast, a-acti-
nin was not ubiquitylated under these conditions (Figure S3D).
Filamin is an w280 kDa protein, which acts as a crosslinker
between actin and membrane proteins such as integrins (see
Figure 4G) [1, 24]. It contains two actin-binding domains
(ABDs), 24 immunoglobulin-like domains that can undergo
strain and temperature-induced reversible unfolding [24–26],
and two natively unstructured hinge regions (Figure 4D). The
domain arrangement enables the protein to serve as an exten-
sible anchor and possibly as a strain sensor. A recently identi-
fied mutation in human filamin causes a progressive myopathy
Figure 3. BAG-3 and CHIP Cooperate during Ubiquitin-Dependent Selec-
tive Autophagy that Is Essential for Muscle Maintenance
(A) BAG-3 and CHIP stimulate recruitment of the autophagic ubiquitin
adaptor p62 into Hsc70 complexes. Following transient expression of
BAG-3 and CHIP in human HeLa cells, Hsc70 complexes were isolated by
immunoprecipitation (IP) and complex constituents were identified by
immunoblotting with specific antibodies. Extract is 40 mg of protein.
(B) BAG-3 is a substrate of the CHIP ubiquitin ligase. Purified BAG-3 was
subjected to in vitro ubiquitylation in the presence of CHIP, Hsc70 and
Hsp40 (70/40), E1, and UbcH5. Ubiquitylated forms of BAG-3 (ubn-BAG-3)
and BAG-3 itself were detected with an anti-BAG-3 antibody.
(C) Inhibition of lysosomal degradation with pepstatin A and E64d (pep.
A/E64d) stabilized BAG-3 in A7r5 cells. In contrast, inhibition of proteasome
activity with MG132 induced transcription of bag-3, but led at the same
time to a reduction at the protein level. Transcript levels were determined
by RT-PCR and normalized to 18S rRNA. Data are mean of three experi-
ments 6 SEM.
(D) Repetitive tetanic contraction of mouse soleus muscles, induced by
electrostimulation, results in an upregulation of BAG-3 and an increase of
high molecular mass ubiquitin conjugates detected with an anti-ubiquitin/
FK2 antibody (ub-conj.). Mouse soleus muscles were electrostimulated to
achieve tetanic contraction. Each lane corresponds to 40 mg of muscle
protein.
(E) Ubiquitin conjugates accumulate as microaggregates (arrowheads) in
soleus muscles following tetanic contraction. Aggregates are associated
and partially colocalize with LC3-positive autophagic vesicles. Ubiquitin
conjugates (ub-conj.) were detected with an anti-ubiquitin/FK2 antibody.
Scale bars represent 10 mm (left and middle panels) and 1 mm (right panel).
(F) Z disk morphology is disturbed in lamp-22/2mice with impaired autoph-
agy, as is evident from the misalignment of a-actinin. Soleus muscles
isolated from heterozygous and homozygous mice were subjected to
repeated tetanic contraction, followed by the detection of a-actinin by
immunofluorescence. Scale bars represent 2 mm. See also Figure S3.
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146with Z disk disruption [27], resembling the pathology of BAG-3
(P209L) patients and the phenotype of BAG-3/Stv-deficient
animals. Continuous unfolding and refolding cycles may
make filamin prone to irreversible damage in the contracting
muscle, resulting in a necessity for chaperone-assisted dis-
posal. In support of this hypothesis, BAG-3 and CHIP triggered
a decrease of filamin levels in A7r5 vascular smooth muscle
cells, in which the protein is subjected to mechanical strain
during cell spreading (Figure 4E). Filamin levels wereunaffected by cochaperone expression in the presence of
lysosomal protease inhibitors, demonstrating that filamin is
degraded through autophagy. Remarkably, the disease-
associated P209L mutant form of BAG-3 was unable to
facilitate filamin degradation (Figure 4E). An impairment of
chaperone-assisted autophagy thus emerges as the molecular
cause of severe childhood myopathy.
Deregulated autophagy was recognized in recent years as a
primary cause of Danon disease, centronuclear myopathy, and
X-linked myopathy with excessive autophagy [22, 23, 28, 29].
In Danon disease, caused by LAMP-2 deficiency, reduced
lysosomal degradation leads to an accumulation of autopha-
gic vacuoles in myofibrils resulting in a progressive muscle
weakness [22]. Remarkably, filamin accumulated and formed
aggregates in muscles of lamp-22/2 mice, whereas a-actinin
was not affected in a similar manner (Figure 4F and Figures
S3C and 3E). The continuous disposal of damaged filamin by
chaperone-assisted autophagy is apparently essential for
muscle maintenance and provides an explanation for the
predominant phenotypic manifestation of deregulated au-
tophagy in muscles.
The dynamic character of muscle sarcomeres became
apparent only recently [1, 30]. Dedicated chaperone machin-
eries mediate the assembly of actin, myosin, and intermediate
filaments, which is in part controlled by the regulated degrada-
tion of assembly factors [31]. Furthermore, calpain proteases
and ubiquitin ligases, including MuRF family members and
atrogin-1, were linked to the breakdown of muscular struc-
tures under atrophic conditions [30]. The degradation pathway
described here is distinct from the aforementioned ones,
because it constantly operates at the Z disk to remove
damaged components. During disposal, BAG-3/Stv closely
cooperates with the Z disk-localized small heat shock protein
HspB8 (Figure 4G). Small Hsps were previously linked to
protein quality control in muscle cells [30]. They are able to
form oligomeric structures streamlined for the ‘‘holding’’ of
nonnative protein substrates [32]. Substrate processing,
however, depends on a close cooperation with Hsp70 chaper-
ones [32]. BAG-3/Stv facilitates such a cooperation at the Z
disk to achieve the efficient disposal of filamin through selec-
tive autophagy. During disposal the cochaperone regulates
the ATP-dependent chaperone cycle of Hsc70 as a nucleotide
exchange factor, similar to findings for other BAG domain co-
chaperones (Figure S4D) [3]. Engulfment by the phagophore
membrane is initiated by CHIP-mediated ubiquitylation and
subsequent recruitment of the ubiquitin adaptor p62, which
interacts with the phagophore membrane (Figure 4G). The
pathway is thus distinct from previously described chap-
erone-mediated autophagy, which refers to an ubiquitin-
independent translocation of a chaperone client directly
across the lysosomal membrane [2]. We therefore suggest
the term chaperone-assisted selective autophagy (CASA) for
the BAG-3-mediated degradation pathway.
Although multiple lines of evidence support a cooperation
between CHIP and BAG-3 in Z disk proteostasis, it is likely
that other ubiquitin ligases, which await identification, can
also enter the chaperone/BAG-3 complex. In CHIP-deficient
fibroblasts, chaperone-assisted degradation proceeds largely
unaffected [33] and CHIP knockout mice do not suffer from
myopathy [34], pointing indeed to functional redundancy
[3, 35]. In any case, CHIP emerges as a dual function ubiquitin
ligase that operates on autophagic as well as proteasomal
degradation pathways. BAG domain cochaperones like the
autophagy inducer BAG-3 or the proteasome interactor
Figure 4. Filamin Is a Substrate of Chaperone-Assisted Selective Autoph-
agy in Muscle Cells
(A) BAG-3 stimulates the release of filamin from a cytoskeleton fraction
isolated from differentiated C2C12 muscle cells. The cytoskeleton fraction
was incubated with purified BAG-3 and HspB8 (1.8 mM of each) as indicated
in ATP-containing buffer. Release of cytoskeletal proteins was monitored
after separation of the insoluble cytoskeleton fraction (cytoskeleton) and
the soluble fraction (released) by centrifugation and subsequent immuno-
blotting with specific antibodies against the indicated proteins.
(B) Quantification of data obtained under (A). Amount of released protein in
the absence of BAG-3 or HspB8 was set to 1. Data represent mean of three
independent experiments 6 SEM.
(C) The CHIP/UbcH5 conjugation machinery mediates ubiquitylation of
filamin following its BAG-3-mediated release from a cytoskeleton fraction
of C2C12 muscle cells. The BAG-3-released fraction of a C2C12 cytoskel-
eton preparation was incubated with purified CHIP, UbcH5, and E1 as
indicated. Ubiquitylated forms of filamin (ubn-filamin) and unmodified
filamin were detected with a filamin-specific antibody.
(D) Schematic presentation of filamin structure, comprising two ABDs,
24 Ig-like domains, and two natively unstructured hinge regions (hinges).
(E) BAG-3 and CHIP stimulate the degradation of filamin in A7r5 smooth
muscle cells. Degradation is blocked by the lysosomal protease inhibitors
pepstatin A and E64d (pep.A/E64d). The pathogenic mutant form of
BAG-3 (P209L) that causes childhood myopathy is unable to induce filamin
degradation. Filamin levels were assessed with a specific antibody
following transient expression of BAG-3, CHIP, and BAG-3 (P209L) for
48 hr. On each lane, 40 mg of protein was loaded. Quantified data are the
mean of at least three independent experiments 6 SEM; asterisks indicate
significance as determined by the two-tailed Student’s t test: **p = 0.0038.
(F) Filamin accumulates in aggregates in soleus muscles of lamp-22/2 mice
with impaired autophagy. Soleus muscles were analyzed by immunofluo-
rescence with an anti-filamin antibody. Scale bars represent 10 mm.
(G) Schematic presentation of the BAG-3/Stv-mediated autophagy pathway
that degrades Z disk components such as filamin. Upon contraction-
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147BAG-1 seem to act as molecular switches in this situation [3,
8]. Distinct chaperone machineries thus not only define diverse
folding pathways but also specific and versatile degradation
pathways that are equally important for cellular homeostasis,
according to the principle ‘‘degrade to maintain.’’ Finally, our
findings demonstrate that muscle cells highly rely on an intact
proteostasis network, similar to findings for neuronal cells [3,
7, 8, 36]. An age-dependent decline in the activity of the
proteostasis network may thus emerge as a direct cause of
muscle weakness in elderly people, with drugs that target
the network possibly providing a means for therapeutic
intervention [36].
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